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Power demand all around the world is increasing day by day and 
conventional energy sources are getting depleted. In order to meet the power 
demand and to reduce the carbon emission caused by the conventional 
energy sources, alternate renewable energy sources are important. wind and 
solar are two reliable energy sources among the various renewable energy 
sources. In this proposed paper wind and photovoltaic (PV) energy-based 
direct current (DC) microgrid is proposed with super capacitor and battery 
hybrid energy storage systems. Constant DC link voltage is the replication of 
energy balance in DC microgrid. The main goal of the proposed microgrid 
energy management algorithm is to maintain the constant DC link voltage 
irrespective of the intermittent nature of the renewable energy sources, load 
variations and under fault conditions. Energy management system is 
designed such that battery energy storage system handles the average power 
requirements and super capacitor handles the transient power requirements 
caused by the load, renewable energy variation and also caused due to fault 
conditions. The proposed system improves battery life along with effective 
DC link voltage regulation. The proposed control algorithm of energy 
management is compared with conventional energy management system in 
MATLAB/Simulink and presented for various studies. 
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1. INTRODUCTION 


In the current scenario the renewable source based electrical power generation systems are evolving. 
In particularly wind and solar based energy systems. Even though these are the promising alternative 
solution, these energy sources are intermittent in nature. In order to overcome the unpredictable nature of 
renewable sources and also to handle the transient power requirements of the some of the loads energy 
storage devices are required. DC microgrids with renewable energy sources and hybrid energy storage 
systems are evolving to contribute to the power demand. The challenging issue in microgrid are intermittent 
nature of renewable energy sources, controllability, and volatility. In order to overcome these issues and to 
increase the stability of microgrid energy storage devices are required. There different types of energy 
storage devices are available and are classified into two types like high power density devices and high 
energy density energy storge devices. High energy devices can supply energy for long duration whereas high 
power density can provide short duration. Battery and fuel cells are some of the high energy density devices. 
Supercapacitor and flywheel is the high-power density devices. 
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Various studies shows that when high energy density device is used in combination with high power 
density devices leads to reduction in stresses placed on the battery and life span of the battery is also 
improved [1]—[4]. And in DC microgrids the DC link voltage is maintained constant to maintain the power 
balance. In [5], [6] there are different types of energy management systems are proposed using only battery 
as energy storage device [7] and in some studies only fuel cell [8] as the energy storage device. Even pumped 
hydro energy storage system based microgrid systems are proposed [9]. 

A perfect energy storage system should be capable to provide both high power and high energy 
density to deal the unpredictable nature of the renewable energy sources and sudden varying load conditions 
[10]. Different types of control strategy for microgrid been reported in the literature using hybrid energy 
storage systems like battery and flywheel, or battery, Supercapacitor and diesel generator combinations 
implemented with fuzzy logic and model predictive control. All reported control strategy only focuses on 
either Dc link voltage regulation or power balance. Hence an energy management control strategy needs to 
be devised which ensures the power sharing, DC link voltage regulation, and reduces number of sensors used 
and improves the storage device life span by reducing the stresses imposed during transient conditions 
[11]-[15]. To fulfill above said requirement in this paper, an energy management control strategy is 
designed, such that it handles transient conditions effectively, maintains the DC link voltage constant, and 
improves battery life by reducing the stresses placed on the batteries. 


2. SYSTEM CONFIGURATION 

The proposed DC microgrid system consists of hybrid energy sources and hybrid energy storage 
system. Hybrid energy sources consists of solar and wind energy systems. Battery and supercapacitor form 
the hybrid energy storage system. Solar energy system is connected to DC bus via DC-DC converter and DC- 
DC converter is implemented with boost converter which is controlled by Perturb and observe maximum 
power point tracking algorithm. Boost converter and MPPT algorithm parameters are as given in [16]—[18]. 
Generic parametric model of super capacitor and dynamic model of battery available in MATLAB 2018 
Simulink is used for simulation and bi-directional DC-DC converter is used to connect the battery and 
supercapacitor to the DC bus as shown in Figure 1. Bi-directional converters are controlled by the energy 
management system based on the generation, load, SOC of the storage devices. 
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Figure 1. DC Microgrid configuration [1] 


2.1. Wind energy system model 

Wind energy conversion system proposed is adjustable speed wind energy conversion system. Wind 
turbine coupled with permanent magnet synchronous generator is proposed [19]. 

The output power of wind energy conversion system is written as: 


1pAv? Cy (A,B) 
Pnec = a EE (1) 
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Pmec 
= mech (2) 


T, 
mec Or 


Where Prec, Tmec are the turbine generated mechanical power and mechanical torque. Parameters of the wind 
turbine model utilized is given in Table 1. Figure 2 shows the wind power output of the turbine for various 
wind speed. It shows the maximum power achieved at base wind speed 12 m/s.It also depicts the achievable 
power levels at different speeds. Speed and power curve is depicted in PU. 


Table 1. System parameters 


Subsystems Parameter specification 
PV cell V,=17.1 V, Ip=7.1 A, power=120 W 
Wind system Rotor radius=1 m, tip speed=8.1, air density=1.3 kg/m? 
Battery 14 Ah,24 V(li-ion) 
Supercapacitor (SC) 32 V,29 F 
DC-DC converter SC L=0.35 H, C-300 uF, f=16 KHz, Vo=50 V 


DC-DC converter battery _ L=0.02 mH, C=300 uF, Vo=50 V. 


Turbine Power Characteristics (Pitch angle beta = 0 deg) 
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Figure 2. Turbine output for various wind speeds 


2.2. PV system model 

Ideal single diode model of the PV system is utilized for the proposed Microgrid system. The reverse 
power flow is avoided by using the by-pass diode. An equivalent model of the PV cell is considered for the 
proposed system. The model Waaree MS 120 model is utilized. Parameters of the model proposed in Table 1. 


2.3. Battery and supercapacitor model 

Lithium -ion battery model is used for the proposed system from the MATLAB/Simulink library 
[20], it is a common model which represents different characteristics of various types of battery. Charging 
and discharging character tics are shown in Figure 3 and its parameters are given in Table land it also shown 
in Figure 3 that battery can discharge 6.5 A for around 2 hours,13 A for 1 hour,32.5 A for less than half an 
hour. The supercapacitor model utilized is Electric double layer generic model available in 
MATLAB/Simulink library [21]. Charge characteristics of the super capacitor model is shown in Figure 4. 
Figure 4 shows supercapacitor charging time for different current rating and its voltage levels. Super 
capacitors can charge and discharge fast. Life span of the supercapacitor is 50,000 cycles. 
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Figure 3. Battery discharge characteristics 
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2.4. Bi-directional converter and controller 

Energy storage devices battery and super capacitor are connected parallel to the DC bus via bi- 
directional converters. Battery and supercapacitor converter switches are controlled by the switching pulses 
generated by the energy management strategy. In [22]—[26], the power availability bi-directional converters 
of battery and supercapacitor either will act in buck mode/charging or boost mode/discharging. If the power 
generation from PV and wind is more than the load power, converters will act in buck mode. If power 
generation is less than the load power converters will act in boost mode. 
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Figure 4. Supercapacitor charge characteristics 


3. CONTROL STRATEGY FOR ENERGY MANAGEMENT 

The conventional control strategy used for energy management of hybrid energy storage system is 
shown in Figure 5. The fundamental idea in this conventional strategy [26] is transient is divided it into slow 
transient and fast transient. Slow transient is allocated to battery storage system and fast transients are 
allocated to supercapacitor system. To achieve this actual DC grid voltage is compared with the reference DC 
voltage and then it is given to the current controller. The controller gives the total load current requirement 
that needs to be supplied by battery and supercapacitor. Using Low pass filter total load current requirement 
is split into average power requirement and transient power requirement. And average power requirement is 
given as the input to the battery current control loop and transient power requirement is given as the input to 
the super capacitor current control loop. 


PI Vse 
Controller j 


Figure 5. Conventional control strategy [26] 


3.1. Proposed DC microgrid control strategy 

DC microgrid control strategy proposed is shown in Figure 6. It is a two-loop cascaded controller. 
Main goal of the control strategy proposed is to reduce the stresses placed on the battery due to charging and 
discharging and also increase the life span of the battery and to achieve comparatively fast DC link voltage 
regulation than the conventional control strategy. It is considered here that state of charge of the storage 
devices is within the limits. 

In the algorithm proposed actual DC voltage is compared with the reference voltage and the error 
signal is given to PI controller, which generates total current required by the load from the energy storage 
devices. And this forms the outer control loop which controls the DC link voltage. Total current requirement 
of the load is split into average current requirement and the transient current requirement using the filter 
controller. 


Ibr = F (totat) (3) 
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Where Itota is the total current requirement,/,, is average current requirement,],, is available battery 
current. Average current requirement is taken as reference current for the battery and compared with the 
available battery current and error signal (Iver) as given in (4), and is given to the PI controller. 


Terr = lpr — Iba (4) 


And output of PI controller is duty ratio and is given to the rate limiter to control limits of the charge 
/discharge and is given to pulse width generator to generate switching pulses for the bidirectional controller 
of the battery. High frequency component of current Ip, is obtained by subtracting average current 
component from the total current requirement as given in (5). The high frequency current requirement is 


v . ; 
added to (lpr — Iba ee term to compensate the slow response of the battery and this current is taken as the 
SC 


reference current input for the supercapacitor. 
Ing = liota — lor (5) 


Supercapacitor reference current is compared with the actual super capacitor current and it is passed through 
the PI controller to get the duty cycle. Duty cycle generated is given to pulse width modulation generator to 
generate the switching pulses for bidirectional converter of the supercapacitor. And supercapacitor reference 
current is in given in the (6). 
= Vb 
Iscrep = Inf + (lor — lba ) 7 (6) 


Vsc 


Where V, is battery current and V,, is the super capacitor voltage. 
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Figure 6. Proposed DC microgrid control strategy 


4. RESULTS AND ANALYSIS 

The proposed system depicted in Figure 7. In this proposed system PV and wind energy sources are 
considered as the main energy sources. PV system of 1 KW capacity is integrated to the DC bus via MPPT 
implemented boost converter. PMSG based wind turbine of capacity 1.5 KW is utilized and generated AC 
power is converted to DC using AC to DC converter. DC output is fed to boost converter to boost voltage to 
50 V. Battery and supercapacitor is connected to DC bus via bidirectional converters in parallel. And the 
proposed system is verified for load change, generation change and under fault condition and the results 
obtained are compared with conventional system. 
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Figure 7. Simulation of the proposed DC microgrid 


4.1. Case: 1 generation variation 

To analyze the generation, change the wind power is maintained constant at 1500 W and solar 
irradiation is varied from 1000 W/m? to 600 W/m?. The load is maintained at 1500 W. When the solar 
irradiation. is varied at 0.2 sec from 1000W/m? to 500 W/m?. The sudden reduction in generation leads to 
transients at 0.2 sec, from the Figure 8, it is observed that supercapacitor manages the power requirement as 
depicted and it shows the power curve of various energy sources and energy storage devices. From the 
Figure 9, it is also observed that DC-link voltage is kept constant irrespective of the generation variation. 


o 005 01 015 02 025 03 035 04 


Load Power 


o 005 01 015 02 025 03 035 04 


Battery Power 
po | ; s | | 
S aw 
g 9 
L L = T T = L L 
o 0.05 a4 018 oz 025 03 038 04 
: SuperCapacitor Power 
| 
Š woj — j - 
5 
B 2000 ' 
E 
5 2000; t 
ð o 005 on 015 02 025 03 035 o. 


Wind power 
#8 


o 005 01 015 02 025 03 035 04 
Time 


Figure 8. Power response of the grid for generation variation 


4.2. Case: 2 load variation 
To analyze the varying load power condition, the wind generation is kept constant at 1500 W, PV 
power is kept constant till 0.2 sec, after 0.2 sec PV irradiation is reduced from 1000 W to 500 W. And load is 
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varied from 1000 W to 2000 W at 0.25 sec up to 0.2 sec the power generation is more than the load and extra 
power is absorbed by battery. AT 0.25 sec sudden load change from 1000W to 2000W and it is managed by 


supercapacitor immediately discharging at 0.25 sec as depicted in Figure 10 and from the Figure 11. it is also 
absorbed that DC link voltage is maintained constant irrespective of load variation. 


OC Link Voltage 
8 


8 


Time 


Figure 9. DC link voltage response for generation variation 
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Figure 10. Power response for load variation in the system 


Figure 11. DC link voltage response for load variation 
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4.3. Comparison with conventional control strategy 

The response of the conventional control strategy for generation variation is compared with the 
proposed control strategy at 0.2 sec. At 0.2 sec PV generation is varied from 1000 W to 600 W. Comparing 
the DC link voltage of conventional and proposed system for generation variation, it is observed that DC link 
voltage curve of conventional method is having more over shoot voltage (58 V) than the proposed method. 
From Figure 12 it is observed that overshoot and distortion is more in the case of conventional method and 
settling time is 0.15 sec, but in case of the proposed system overshoot is less and DC voltage becomes steady 
within 0.07 sec. The proposed method effectively fulfills the transient requirements and DC link voltage is 
maintained with minimal distortions as shown in the Figure 13. 

Similarly for load variation from 1000 W to 2000 W, 0.2 sec, response of the conventional control 
strategy and proposed control algorithm is analyzed. As observed from the Figure 14, Initial overshoot, 
distortions, and time taken to settle to constant DC voltage is more in case of conventional control strategy. 
Time taken to settle to steady DC value is 0.15 sec where as in the proposed strategy the time taken is 0.08 
sec. And overshoot voltage in case of conventional method is 63 V which is more than 56 V overshoot of 
proposed system. From Figure 15 it is observed that fast dc link voltage regulation is achieved in proposed 
system irrespective of load variation. 
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Figure 12. DC link voltage response for case 1 (conventional) 
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Figure 13. DC link voltage response for case 1 (proposed) 
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DC Link Voltage 


Figure 14. DC link voltage response for case 2 (conventional) 
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Figure 15. DC link voltage response for case 2 (proposed) 


In the DC micro grid phase to ground fault is introduced along with PV power generation variation 
at 0.2 sec. The performance of the microgrid system is analyzed with conventional control strategy and the 
proposed control strategy. It is observed form the Figure 16 and Figure 17 shows the proposed system 
provides better DC link voltage regulation compared to conventional control strategy. Over shoot voltage is 
56 V in the case of proposed system where as in case of conventional control strategy, it is 58 V and DC link 
voltage steady state is achieved at 0.07 sec in the proposed system and 0.15 sec in conventional system. 
Summary of the results of the both the methods for different cases is given in the Table 2. 
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Figure 16. DC link voltage response for phase to ground fault with conventional system 
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Figure 17. DC link voltage response for phase to ground fault with proposed system 


Table 2. Comparative analysis of results 


Different cases Conventional control Proposed Control 
Overshoot Voltage Settling time Overshoot voltage Settling time 
Generation Variation 58V 0.15Sec 56V 0.08sec 
Load Variation 63V 0.15sec 56V 0.07sec 
Under fault 57V 0.15 sec 56V 0.07sec 
CONCLUSION 


The proposed Microgrid energy management control strategy with hybrid energy storage system is 


analyzed for generation variation, load variation and under fault conditions. It is observed from the analysis 
of the DC microgrid, the proposed control strategy maintains the energy balance effectively between the load 
and source and also maintains the DC link voltage constant irrespective of these variation in generation and 
load condition. It is also observed that transient as well as average power requirements are satisfied 
effectively using super capacitor and battery energy storage systems. Comparative analysis of the system 
with the conventional control strategy shows that proposed system performs better in all cases and provides 
faster DC link voltage regulation. 
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